Irrigation has been considered a controversial practice in European traditional viticulture due to potential alterations in the balance between vegetative growth and yield. In this regard, the influence of surface (DI) and subsurface (SDI) drip irrigation on physiological performance of the 'Godello' grapevine (Vitis vinifera L.) cultivar was compared with a non-irrigated control (R) over three consecutive growing seasons (2012)(2013)(2014) in NW Spain. Irrigation improved vine water status; R plants reached a minimum of midday leaf water potential of -1.5 MPa, whereas DI and SDI plants reached -1.3 MPa. Stomatal conductance was unaffected by irrigation as well as chlorophyll a fluorescence. However, photosynthetic pigments were present at higher concentrations in leaves from irrigated plants than in those from R plants in 2013. In addition, R plants showed higher values for the indicators of oxidative damage. No significant yield improvements were observed for irrigated plants, although the trend was to obtain slightly higher yields under irrigation in years with low rainfall amounts. This may not encourage growers to establish irrigation systems on their vineyards. However, these results may be important with the objectives of stabilizing yield from year to year.
INTRODUCTION
Irrigation is currently used as a cultural practice to improve and standardize grapevine (Vitis vinifera L.) yield and quality (Battilani and Mannini, 2000) . Deficit irrigation systems have been tested worldwide in order to assess the effects on vine vegetative growth, yield and must quality (e.g. dos Intrigliolo and Castel, 2010) , even under humid climates (Reynolds et al., 2007) . The main finding of these studies is that irrigation protocols must be adapted to the conditions of the region (climate, soil) and the cultivar considered.
Irrigation exerts an effect on vine growth and yield caused by changes in vine physiology. Stomatal closure seems to be the main cause for the decrease in the photosynthetic rate under mild drought conditions . However, non-stomatal effects can occur, such as decreasing in the photosystem II efficiency, which has been reported under fieldgrown conditions (Escalona et al., 1999; . Hence, it seems adequate to study vine physiology under irrigation conditions for different cultivars located in different regions.
Reports on climate change predict variations in rainfall distribution and increases in air temperature (Cruz et al., 2009 ). Concerned about this, vinegrowers in Galicia (NW Spain) are increasingly using irrigation in their vineyards. However, little information is available on the effects that irrigation may exert on Galician grapevine cultivars (Fandiño et al., 2012; Trigo-Córdoba et al., 2015; Martínez et al., 2016; Cancela et al., 2017) .
'Godello' is one of the finest white grapevine varieties grown in Spain, with crucial importance for the quality and typicity of Galician wines, especially those from the Designations of Origin (DO) Ribeiro, Monterrei and Valdeorras. However, the physiological response of this cultivar to irrigation has not been previously evaluated in the region (Cancela et al., 2015) . Therefore, the aim of this study was to examine the effects of two types of drip irrigation on the physiology, biochemistry and yield of 'Godello' grapevines, comparing them with a nonirrigated control. For this purpose, measurements of leaf water potential, stomatal conductance, chlorophyll a fluorescence, minerals, metabolites, oxidative stress indicators and yield were conducted.
MATERIAL AND METHODS

Field conditions and plant material
This study was conducted during three consecutive seasons (2012) (2013) (2014) in a commercial 'Godello' vineyard (Vitis vinifera L.) grafted in 1997 onto 110-Richter rootstock at a spacing of 1.35 by 1.95 m (3,800 vines/ha). This vineyard was located in A Rúa (Ourense, NW Spain) within the Valdeorras DO (42º 23' 59'' N, 7º 7' 15'' W, elevation 320 m, mean slope was 18%). Vines were trained to a vertical trellis on a double cordon system oriented in the North-South direction. Standard cultural practices in the region were applied to all treatments.
The soil presented a loamy texture (46.2% sand, 31% silt and 22.8% clay), a low pH (pH (H 2 O) 4.99) and a medium organic matter content (2.26%). Soil depth was, approximately, 1.2 m and total available water was about 170 mm/m.
The climate of this region has been classified as cool, humid with cool nights (Fraga et al., 2014) , presenting characteristics both from Atlantic and Mediterranean. Climate data were collected from a weather station located, approximately, 7 km away from the vineyard. The reference evapotranspiration (ET o ) was computed with the Penman-Monteith equation using the methodology proposed by Allen et al. (1998) for limited weather data, i.e., estimating the actual vapor pressure from the daily minimum temperature and solar radiation from daily maximum and minimum temperature.
Irrigation and experimental design
Three treatments were established following a completely randomized block design with four replications (seven plants each). The treatments were: rain-fed (R), surface (DI) and subsurface (SDI) drip irrigation. The surface irrigation pipes were in the vineyard row at 40 cm above the soil, whereas the subsurface pipes were 40 cm deep into the soil. Both systems were equipped with 2 L/h emitters , one emitter per vine in the case of DI, whereas SDI had one emitter per meter. The irrigation treatment began at flowering, early June, and finished at ripeness (mid to late August), approximately two weeks prior to harvest. During this period, water was daily applied early in the morning, from Monday to Sunday, with an average total dose per season of 80, 63 and 46 mm, in 2012, 2013 and 2014, respectively. The irrigation treatment began the first of June and finished in the middle of August in 2012; during 2013, irrigation started on July and finished at the end of August; however, in 2014, due to problems with the pumping system, irrigation started in the middle of July and finished at the end of August. During these seasons, water was applied for 59, 46 and 34 days in 2012, 2013 and 2014 , respectively, at a rate of 1.5 h per day, in order to reduce the evaporation losses. Average irrigation depths were 1.14 mm and 1.54 mm, for DI and SDI, respectively.
Leaf water potential and stomatal conductance
Midday leaf water potential was assessed fortnightly on one mature and healthy leaf of three plants per replicate (thus, twelve plants per treatment), using two pressure chambers (PMS Model 600, Albany, OR, USA and SoilMoisture Inc., Santa Barbara, CA, USA), which have shown good correlation with other equipments, as water activity meters (Martínez et al., 2013) . These measurements were carried out on healthy fully-expanded leaves from the middle third of the shoots, all at similar growth stages and with no alterations, and fully-exposed to direct solar radiation (Maringo and Peltier, 1996) . This modality of leaf water potential has been proven more useful than predawn leaf water potential for estimating the vine water status of Galician grapevine cultivars (Mirás-Avalos et al., 2014) .
Stomatal conductance was measured fortnightly on one healthy, mature and fully-expanded leaf per plant and two plants per replicate (eight plants per treatment) using a leaf porometer (Model SC1 Decagon Devices, WA, USA). The leaves were exposed to sunlight. Measurements were always performed between 11:30 h and 12:30 h.
Chlorophyll a measurements
Chlorophyll a (Chl a) fluorescence parameters were measured in situ with a pulse-amplitude-modulated fluorometer (FMS 2, Hansatech Instruments, Norfolk, UK) as described by Moutinho-Pereira et al. (2012) , on the same leaves where stomatal conductance was measured. Leaves were dark-adapted for at least 30 minutes using dark-adapting leaf-clips. Several photosystem II (PSII) parameters were obtained (Maxwell and Johnson, 2000) : the maximum quantum efficiency of PSII (F v /F m ), the photochemical efficiency of PSII (ΦPSII), the electron transport rate (ETR), photochemical quenching (q P ), non-photochemical quenching (NPQ) and the steady-state fluorescence yield (F s ).
Chl a fluorescence measurements were always performed between 11:30 h and 13:30 h at maturation (beginning or mid-August). In 2013, these determinations were not taken due to equipment malfunctioning.
Chlorophyll content index (CCI)
Chlorophyll concentration index (CCI) was also estimated non-destructively using a CCM-200 portable chlorophyll meter (Opti-Sciences, Tyngsboro, MA, USA), which calculates a unitless CCI value from the ratio of optical absorbance at 655 nm to that at 940 nm. These measurements were performed on three leaves per plant and twelve plants per treatment. Major veins and areas of obvious visual damage or disease were avoided. CCI values have been reported to be correlated with total foliar extractable chlorophyll (Steele et al., 2008) .
Leaf element concentration measurement
Leaves from two replications of the three different treatments were collected at veraison, ground and analyzed each season for element concentration. N, P and B were determined by molecular absorption spectrophotometry, after digestion with H 2 SO 4 and H 2 O 2 (Mills and Benton Jones 1996) . Plant concentration of other elements was determined by atomic absorption spectrophotometry (Ca, Mg and Fe) or by flame emission photometry (K), after digestion with HNO 3 and HClO 4 (Mills and Benton Jones, 1996) . Element concentration was expressed on a dry mass basis.
Foliar metabolic assays and oxidative stress indicators
These determinations were performed on leaf discs from eight leaves randomly collected per treatment at the ripeness stage in 2012 and 2013. Leaves were fully expanded, of comparable physiological ages and with no visual signs of damage. They were frozen in liquid nitrogen and stored at -80 ºC prior to analysis, which were perfomed as described by Dinis et al. (2014) .
Briefly, leaf sections were ground in 80% acetone for chlorophyll and carotenoid determination. Total chlorophyll (Chl tot ) concentration (Sesták et al., 1971) and total carotenoids (Car) concentration (Lichtenthaler, 1987) were determined. Total soluble sugars (SS) were extracted by heating leaf discs in 80% ethanol and obtained according to Irigoyen et al. (1992) . After the extraction of the soluble fractions, the solid fraction was used for starch analysis. Starch was extracted with 30% perchloric acid (Osaki et al. 1991) . The concentration of total phenols (TP) in leaf extracts was determined on the same extract used for pigment analysis, according to the Folin-Ciocalteu's procedure (Singleton and Rossi, 1965) . The amount of total soluble proteins (SP) was quantified using the method of Bradford (1976) . Bovine serum albumin was used as a standard.
The lipid peroxidation products (total thiobarbituric acid reactive substances, TBARS) in grape leaves were estimated using the procedures described by Heath and Packer (1968) with the adaptations reported by Dinis et al. (2014) .
All reagents and chemicals used were of the highest commercially-available grade of purity.
At harvest (September 7 th , 16 th and 3 rd for 2012, 2013 and 2014, respectively), the number of clusters per vine was counted and yield per vine was determined on-site after manual harvesting and weighing the production. Pruning weight (PW) was determined at winter in five vines per replicate.
Statistical analysis
Analysis of variance was performed using the "aov" procedure of the R statistical software (R Core Team, 2015) . Means were separated using the Tukey's Honest Significant Difference test. Differences were considered significant when p < 0.05. Data in the X-axis refer to the day of the year.
RESULTS AND DISCUSSION
Precipitação (barras) e evapotranspiração de referência (linhas) diárias na parcela experimental durante as campanhas 2012, 2013 e 2014. Os dados no eixo X referem-se aos dias do ano.
Midday leaf water potential showed a progressive decline over the growing season for all treatments (Figure 2 ). Significantly lower values were measured in R plants, especially in 2012 and 2013 (Figure 2 ). In contrast, in 2014, leaf water potential was very similar among treatments except for a single date close to harvest, which might have been caused by a higher maximum temperature and a lower relative humidity when compared to the following measurement date. Moreover, stem water potential measurements , which may explain the differences in leaf water potential observed here. Stomatal conductance values were high for the three treatments, especially in 2012, and presented a great variability. Therefore, non-significant differences were detected among treatments (Figure 2 ).
Moreover, R plants tended to show slightly lower values for this parameter.
The present study was carried out in a region with sub-humid climate but where moderate to strong water stress can occur. In this region, grapevine irrigation is not a common practice but, recently, as a consequence of dry weather, vinegrowers began to install conventional drip irrigation systems aiming to stabilize yield and wine quality from year to year . In the three years of our experiment, the annual rainfall was greater than 540 mm; however, rainfall over the growing cycle (1 st April to harvest) was lesser than 200 mm (except for 2012). Consequently, non-irrigated vines were subjected only to a mild water stress and the effect of irrigation was not of the magnitude expected in dry years. This resulted in small differences on midday leaf water potential among treatments.
The small differences on water status among treatments were in agreement with the absence of a decrease in stomatal conductance in the non-irrigated vines when compared to that of the irrigated treatments. Stomatal closure is the first sign of plant defense in maintaining its water status (Suzy et al., 2011) and it was not observed in the current study. This suggests that vine physiology and functioning were not restricted under our given conditions and that irrigation did not improve these processes.
In addition, the stomatal conductance values observed at midday in the current study were greater than those reported by other authors (de Souza et al., 2003; Medrano et al., 2003) , who worked under Mediterranean climate conditions. The fact that the measurement interval of the equipment used is rather narrow, measurements greater than 0.7 mol H 2 O/m 2 /s should be taken with caution. However, comparisons between treatments are allowed because all the measurements were performed with the same equipment and conditions. In addition, the stomatal conductance values measured in the current study are of the same order of magnitude as those reported by Williams and Trout (2005) for 'Thompson Seedless' and those measured in the morning by Dinis et al. (2014) in a Mediterranean climate. This suggests that stomatal conductance peaks were not displaced towards the early hours of the day in 'Godello' vines of Valdeorras DO. In fact, midday leaf water potential and stomatal conductance values measured in the current work are over the optima (-1.25 to -1.4 MPa and 0.12 to 0.15 mol H 2 O/m 2 /s, respectively) suggested by Romero et al. (2010) for 'Monastrell' cultivar under the semi-arid conditions of south east Spain. Being above these optima indicated that vines did not suffer from water stress, explaining the absence of differences among treatments in the current study.
Chlorophyll fluorescence attributes
Chlorophyll a fluorescence attributes were very similar among treatments (Table 1) . F v /F m was almost equal between R plants and those subjected to irrigation in both years; moreover, this parameter was close to or higher than 0.8. ETR and NPQ did not present significant differences between treatments due to a high variability of measurements. In contrast, the effective quantum yield efficiency of photosystem II (ΦPSII) was higher in DI plants in 2014 (Table I) . The same was observed for q P in 2014. In addition, steady-state fluorescence (F s ) was greater in R plants in 2012.
Table I
Maximum (F v /F m ) and effective (ΦPSII) quantum efficiency of photosystem II, apparent electron transport rate (ETR), photochemical (q P ) and non-photochemical (NPQ) fluorescence quenching and fluorescence in steady-state (F s ) in 'Godello' grapevine attached leaves as a function of irrigation system (R = rain-fed; DI = surface drip irrigation; SDI = subsurface drip irrigation) determined during the ripening period (9 August 2012 and 1 August 2014). (Cavender-Bares and Bazzaz, 2004) . Moreover, this parameter was unaffected by the irrigation treatment, suggesting that it is not the ideal indicator to evaluate water status under field conditions. Furthermore, the fluorescence measurements done in leaves previously exposed to sunlight did not reflect a clear trend in the data; ΦPSII and q P increased in DI plants in 2014 but no effect was observed in NPQ, then a down-regulation of electron transport caused by a reduction of the fraction of open action centres cannot be concluded. Finally, steady-state chlorophyll fluorescence (F s ) did not reflect drought intensity and was even higher for R plants in 2012; therefore, it might not be an useful parameter for remote sensing of vine water status, as suggested by other authors (Medrano et al., 2003) .
Eficiência máxima (F v /F m ) e efetiva (ΦPSII) do fotosistema II, taxa aparente de transporte eletrónico (ETR), quenching fotoquímico (q P ) e não-fotoquímico (NPQ), e fluorescencia em estado estacionário (F s ) em folhas da variedade 'Godello' em função do tratamento de rega (R = sequeiro; DI = rega por gotejo superficial; SDI = rega por gotejo subsuperficial) durante o período de maturação (9 Agosto 2012 e 1 Agosto 2014).
Chlorophyll content index
Values of CCI did not significantly differ among treatments (Figure 3 ) due to the high variability of these measurements. However, in 2013, lower CCI values were systematically observed for R plants, in agreement with the leaf photosynthetic pigment composition results observed for that season. This suggests that CCI might be a useful tool for agronomic and environmental studies due to its quickness, user-friendliness and being no-destructive (Steele et al., 2008) . Nevertheless, this trend was not maintained in 2014. 
Valores de CCI para folhas da variedade 'Godello' submetidas aos três tratamentos estudados (R = sequeiro; DI = rega por gotejo superficial; SDI = rega por gotejo subsuperficial) durante os anos 2013 e 2014. As barras indicam os erros padrão. As mesmas letras no topo das barras para uma determinada data indicam a ausência de diferenças significativas entre os tratamentos (p < 0,05).
Foliar mineral content
In general, no significant differences were found among treatments except for certain years (Table II) . R plants presented higher contents of N than those irrigated in 2012, but this trend was not observed in the rest of the studied seasons. In contrast, SDI plants showed lower concentrations of K, Zn and B in 2013. In 2014, irrigated plants presented lesser concentrations of P and Fe than R plants. Interestingly, the two most important elements for determining water stress in plants (Ca and Mg) were unaffected by the irrigation treatment. 
Leaf metabolites
No signs of treatment effects on leaf photosynthetic pigments were observed in 2012 (Table III) ; which is in agreement with the fluorescence readings. The only exception was SS, which were observed in higher concentrations in R plants. In contrast, lower values of Chl tot and Car tot were detected for leaves of R plants in 2013, indicating the higher water stress suffered by these vines, as observed under drought conditions by Dinis et al. (2014) . Lower values of SP were observed for DI plants and higher concentrations of TBARS in R plants were detected in 2013 (Table III) . Interestingly, TBARS concentration could be considered as a biochemical marker for reactive oxygen species mediated injury, hence in 2013 the higher concentration of TBARS in R plants confirmed a greater oxidative damage of cell membranes by lipid peroxidation (Beis and Patakas, 2012) .
One of the most important responses of plants to drought is an overproduction of different types of compatible solutes, namely total free amino acids, proteins and soluble sugars (Irigoyen et al., 1992) . Data from 2013 indicated higher contents of SS, SP and TBARS in leaves from R plants, similarly to the trends previously reported (Beis and Patakas, 2012; Dinis et al., 2014) .
Yield parameters and pruning weight
No significant differences among treatments were detected for yield components and pruning weight (Table IV) . The only exception was the number of clusters per vine in 2013, which was higher for SDI vines and might be due to greater bud fertility in the vines from the SDI treatment. However, a trend to higher yields and pruning weights was observed for DI and SDI vines when compared to those under R. In a previous study in this vineyard, Cancela et al. (2016) observed no significant differences in berry composition (probable alcohol, pH, titratable acidity, malic and tartaric acid concentrations) among treatments.
These results can be explained by the mild water stress observed in R plants and by the fact that the rainfall amount registered at the experimental plot was rather high, especially in 2014. Similar observations have been reported by other authors (dos . In addition, in 2012 and 2013, when less rainfall was registered over the year, slight yield increases in the irrigated treatments were observed, which may indicate that this trend would be maintained in dry years. 
Table IV
Yield, number of clusters per plant and pruning weight of 'Godello' grapevines under the three treatments studied (R = rain-fed; DI = surface drip irrigation; SDI = subsurface drip irrigation) determined in the 2012, 2013 and 2014 experiments. 
CONCLUSIONS
Under the conditions of the current study (mild water stress and low evapotranspiration demand), irrigation treatments did not exert a clear influence on the considered physiological, biochemical and agronomical attributes. Vine water status was improved by irrigation; however, this did not induce a greater stomatal conductance or a higher yield in irrigated vines. In addition, the photosynthetic apparatus of 'Godello' vines was mainly unaffected by the irrigation treatments. Nevertheless, in certain seasons, oxidative stress indicators were significantly greater in non-irrigated vines, as well as lower efficiencies in photosystem II activity. The absence of significant differences between irrigate and rainfed vines may not encourage growers to establish drip irrigation systems on their vineyards. However, these results suggest that, in years with low spring rainfall, irrigation could provide a better plant functioning, which may be important to attain the objective of stabilizing yield from year to year.
